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Abstract

Habitat loss and climate change pose a double jeopardy for many threatened taxa, making the identification of opti-
mal habitat for the future a conservation priority. Using a case study of the endangered Bornean orang-utan, we iden-
tify environmental refuges by integrating bioclimatic models with projected deforestation and oil-palm agriculture
suitability from the 1950s to 2080s. We coupled a maximum entropy algorithm with information on habitat needs to
predict suitable habitat for the present day and 1950s. We then projected to the 2020s, 2050s and 2080s in models
incorporating only land-cover change, climate change or both processes combined. For future climate, we incorpo-
rated projections from four model and emission scenario combinations. For future land cover, we developed spatial
deforestation predictions from 10 years of satellite data. Refuges were delineated as suitable forested habitats identi-
fied by all models that were also unsuitable for oil palm — a major threat to tropical biodiversity. Our analyses indi-
cate that in 2010 up to 260 000 km? of Borneo was suitable habitat within the core orang-utan range; an 18-24%
reduction since the 1950s. Land-cover models predicted further decline of 15-30% by the 2080s. Although habitat
extent under future climate conditions varied among projections, there was majority consensus, particularly in north-
eastern and western regions. Across projections habitat loss due to climate change alone averaged 63% by 2080, but
74% when also considering land-cover change. Refuge areas amounted to 2000-42 000 km” depending on thresholds
used, with 900-17 000 km? outside the current species range. We demonstrate that efforts to halt deforestation could
mediate some orang-utan habitat loss, but further decline of the most suitable areas is to be expected given projected
changes to climate. Protected refuge areas could therefore become increasingly important for ongoing translocation
efforts. We present an approach to help identify such areas for highly threatened species given environmental
changes expected this century.
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tions, expansions and fragmentation (Parmesan, 2006;
Chen et al., 2011). Although the relative impacts on bio-
diversity remain uncertain, the two threats are expected
to act synergistically, thus creating a double jeopardy
for many taxa (Brook et al., 2008; Mantyka-Pringle et al.,
2012; Beale et al., 2013). Identifying the extent to which
species could be affected by both processes is therefore
important for effective conservation management.

Introduction

Habitat loss and climate change can lead to changes in
species distributions, including range shifts, contrac-
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Despite growing recognition of the combined influ-
ence of multiple environmental threats on biodiversity,
most studies that project species distributions into the
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future base their projections largely on climate and
keep land-cover variables constant. This may be
because climate is typically considered to be the main
driver of distribution change at large geographic scales
(Pearson & Dawson, 2003; Bellard et al., 2012) or that
climate is expected to change more rapidly than land
cover (e.g. in Europe, Barbet-Massin et al., 2012). Pat-
terns of land-cover change are also difficult to predict
in the long term and so are often overlooked in future
assessments. In contrast to the freely available climate
projections of the Intergovernmental Panel on Climate
Change (IPCC), for much of the world, spatially explicit
land-cover projections have simply been unavailable
(Stanton et al., 2012). The implications of neglecting
potential changes to land cover in distribution models
might be particularly important in tropical regions. The
tropics host a disproportionate number of extinction-
prone species (Brook et al., 2008; De Chazal & Rounsev-
ell, 2009), while continuing to experience high rates of
habitat loss (Hansen et al., 2013), particularly in the spe-
cies-rich lowlands (Gaveau et al., 2009a,b). Many tropi-
cal taxa have limited distributional ranges and
dispersal capabilities that may exacerbate their vulnera-
bility to environmental change (Tewksbury et al., 2008).
Upslope range shifts are expected to be particularly
characteristic within the confines of narrow latitudinal
temperature gradients seen in the tropics; a process that
could lead to a net loss of lowland species (Colwell
et al., 2008).

Orang-utans are the largest arboreal species in the
world, and their long-term viability, like many other
tropical species, is closely linked to the presence of low-
land tropical rainforest (Wich et al., 2008). As an ende-
mic and endangered great ape, the Bornean orang-utan
(Pongo pygmaeus) attracts significant conservation
resources, yet populations have exhibited a sharp
decline in the last 30 years, with recent estimates
approximating 54 000 individuals left in the wild (Wich
et al., 2008). The species persists at low densities within
the territories of Indonesia (four of five provinces in
Kalimantan) and Malaysia (Sabah and Sarawak) where
it is threatened by expanding agriculture, illegal logging
and hunting (Meijaard et al., 2012; Wich et al., 2012).
These densities tend to be very low in monotonous and
uniform forest systems with little variety in fruiting
resources (e.g. mangroves and upper montane forests,
and plantations), higher in forest dominated by
dipterocarps on mineral soils and often highest in allu-
vial and peat swamp forests (Husson et al., 2009). Unlike
other great apes, orang-utans rely mostly on fruit and
are largely solitary, both socio-ecological adaptations
thought to have been adopted following past climate
change in the Holocene (Lehmann et al., 2010). Climatic
factors pertaining to temperature and rainfall are also

known to limit abundance and distribution in at least
part of the current species’ range; a finding partially
attributed to the availability of preferred and fallback
foods during drought (Gregory et al., 2012). Combined,
these land cover and climate threats could seriously
hinder efforts to protect this charismatic species from
extinction, which in turn could lead to diminished
public support for conservation (Junker et al., 2012).

The extent of tropical deforestation in part explains
why conservation efforts continue to focus on threats
from land-cover change rather than the implications of
climate forecasts in these regions. Mirroring trends
across the tropics, the loss of natural forests, including
key orang-utan habitats on mineral soils and peatland
(Rijksen & Meijaard, 1999), has been unprecedented in
South-East Asia (Miettinen ef al., 2011; Hansen et al.,
2013). When large-scale commercial logging began dur-
ing the 1970s 558 000 km? of forest (i.e. 76% of the
island) remained on Borneo, but over 168 000 km? had
been cleared by 2010 and approximately 28% remained
intact (Gaveau ef al., 2014). In recent years, large-scale
agriculture has played a defining role in deforestation
and associated biodiversity loss (Fitzherbert et al., 2008;
Koh et al., 2011; Laurance et al., 2014); at least 10% of
the island has been converted to industrial plantations
and nearly half is earmarked for development (Gaveau
et al.,, 2013). Although orang-utans are sometimes
recorded in plantation-forest mosaics (Meijaard et al.,
2010a), densities are much lower than those found in
intact forests or carefully managed logging concessions
(Ancrenaz et al., 2004, 2010; Husson et al., 2009). More-
over, long-term persistence in human-dominated land-
scapes is often compromised by killing or poaching due
to agricultural conflicts (Meijaard et al., 2011), leaving
little opportunity for individuals to respond to dimin-
ishing habitat and the effects of a changing climate.

The extent and immediacy of these threats have led to
translocation of individuals from conflict areas to
forests deemed suitable over the long term; an interven-
tion that is estimated to cost conservation up to US
$14 000 per animal per year, amounting to several mil-
lion dollars annually (Meijaard et al., 2012). This makes
the identification of translocation sites all the more
important in an era of climate change. During past
climate perturbations, the survival of many taxa was
facilitated by refugial habitats, and so, climate and
land-cover criteria are potentially useful to identify
places where species could persist and later expand
during anthropogenic environmental changes (Keppel
& Wardell-Johnson, 2012; Reside et al., 2014). In this
context, suitability assessments can reveal where
optimal habitat is likely to remain, thereby supporting
decisions of where to target management intervention,
or whether it is even warranted, both inside and outside
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of a species’ range (Thomas, 2011; Guisan et al., 2013).
The burgeoning field of species distribution modelling
provides tools to guide these decisions (Thomas, 2011;
Guisan et al., 2013; Reside et al., 2014), which is typically
performed by statistical association of species locality
records and environmental data (Elith ef al., 2010). A
recent appraisal of African great apes demonstrated
dramatic declines in suitable environmental conditions
during the last decade (Junker et al., 2012). For the Bor-
nean orang-utan predicted population declines in the
Malaysian state of Sabah are mostly attributed to land-
cover changes projected for this century (Gregory et al.,
2012). A range-wide assessment recently concluded that
the species currently inhabits around 155 000 km?
(Wich et al., 2012), but for the vast majority of this area
long-term projections are unavailable.

Here, we extend this appraisal by providing range-
wide projections of habitat suitability under land cover
and climate change forecasts this century. Under our
modelling framework, we (1) project the extent of suit-
able habitat into future time periods both within and
outside the currently recognized orang-utan range and
(2) consider the relative influence of predicted changes
in land cover and climate, while (3) accounting for
uncertainty arising from climate forecasts using several
global circulation model (GCMs) and emission scenario
combinations. By encompassing >732 000 km?, main-
land Borneo is a size at which the processes of both
land cover and climate change are expected to affect
biodiversity and be detectable (Pearson & Dawson,
2003). Therefore, we make use of recently mapped
deforestation data to develop land-cover change projec-
tions on which to base our analyses. By doing so, we
are able to provide trajectories of possible distributional
change and use this information to identify land, both
inside and outside of the current species range, that
might serve as future refuge for this endangered
species in an era of environmental change.

Materials and methods

Modelling framework

Rapid deforestation over the last decade meant that land use
changed at many orang-utan localities during the time frame
of data collection, leading to substantial mismatch between
species presences and land-cover classifications. To maximize
the use of locality data, we therefore delineated the extent of
suitable orang-utan habitat in each time slice and environmen-
tal change scenario using a modelling framework that treated
the potential influences of climate and land cover separately
(Wilting et al., 2010).

First, we used a maximum entropy algorithm (MaxEnt;
Phillips et al., 2006) to model environmental suitability for
orang-utan under baseline climate conditions leading to the

present day (interpolations representative of 1950s-2000), and
project this spatial information into future time slices during
the 21st century for the 2020s, 2050s and 2080s (hereafter the
‘bioclimatic model’). To better account for orang-utan habitat
needs, we then refined MaxEnt outputs using land-cover data
and expert-derived information on species’ sensitivity to
human disturbance to calculate habitat suitability in each time
slice (hereafter the ‘habitat suitability model’). These habitat
suitability surfaces were obtained in three different ways,
namely for (1) baseline climate but future land cover (i.e. ‘land
cover only’); (2) projected climate but land cover fixed to base-
line conditions (i.e. ‘climate only’); and (3) both projected
climate and land cover for each time slice (i.e. ‘climate + land
cover’). Finally, to identify potential refuges for orang-utans
over the course of the century, we identified forests that were
consistently suitable under all current and future model pre-
dictions, while being unsuitable for cultivating oil palm (the
primary agrarian threat to orang-utans, Meijaard et al., 2012).

To place our projections into a historical context, we also
predicted the former extent of suitable habitat by hindcasting
to conditions before the 1950s, a time when most data used to
quantify current climate were first collected (Hijmans et al.,
2005) and before major land-cover changes occurred on
Borneo (Gaveau et al., 2014). Potential uncertainty associated
with source environmental data was also investigated by
modelling under several climate projections.

Environmental predictors used in bioclimatic modelling

For baseline climate conditions, we used 19 gridded tempera-
ture and precipitation parameters downscaled to 1 km® reso-
lution (Hijmans et al., 2005; Table S1). For future climate, we
used the same variables projected via two general circulation
models (GCMs: Commonwealth Scientific and Industrial
Research Organisation Australia, CSIRO-Mk3; and Hadley
Centre for Climate Prediction and Research UK, HADCM3)
under two emission scenarios (A2 and B2, representing a
worst case and best case, respectively). These four variants
were chosen to account for uncertainties in single models and
to reflect the range of projected values available for the time
frame and resolution of the study (Appendix S1). Climate
forecasts from the various sources differed in the extent to
which they deviated from observed conditions (Struebig
et al., In Press), providing potential uncertainty for extrapolat-
ing to unobserved settings (Elith et al., 2010). However, the
vast majority of projected values fell within the ranges
observed in the sampling region for the current day (Fig. S1)
indicating that the overall effect on our predictions would be
minimal.

We incorporated a measure of topographic ruggedness
ranging from 1 (flat) to 7 (extremely rugged), as topographic
heterogeneity may affect distributions by influencing accessi-
bility and microclimate, as well as the movement capabilities
and availability of shelter for wildlife (Turner, 2005). Vegeta-
tion near watercourses may be particularly suitable for great
apes, while streams and rivers might also serve as naviga-
tional cues for wildlife and sources of access for people
(Junker et al., 2012). We therefore included three ‘distance to
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water’ layers as environmental predictors, each reflecting a
different water catchment size (Kramer-Schadt et al., 2013).
Finally, as orang-utan populations are known to be sizeable in
swamp forests and relatively low in limestone karst forests
(Husson et al., 2009), we incorporated a distance function to
these landscape features as additional predictors as they were
not well represented within other variables (Table S1).

Modelling formed part of a broader appraisal of Borneo
mammal distributions (Struebig et al., In Press), in which pre-
dictor variables were checked for multicollinearity. Models
based on a subset of uncorrelated variables yielded similar
outcomes, and any remaining collinearity effects were mini-
mal when sampling bias was corrected (Kramer-Schadt et al.,
2013). Therefore, we kept predictor variables fixed for all taxa,
and so, in order to make our findings comparable to results
for other species, we present complex models using all envi-
ronmental variables.

Presence localities, sampling bias correction and
projecting the bioclimatic model, M

The orang-utan occurrences on which we based our MaxEnt
models comprised a subset of 6711 records collected
between 1990 and 2011 during the most comprehensive sur-
veys on the island (Ancrenaz et al., 2004, 2010; Husson
et al., 2009; Wich et al., 2012). Sampling effort was not
evenly distributed; the Malaysian state of Sabah was much
more intensively surveyed, and surveys in Indonesian Bor-
neo concentrated around research sites. Because uneven
sampling effort can have adverse consequences for distribu-
tion models (Phillips et al., 2009), leading to high omission
or commission errors (Kramer-Schadt et al.,, 2013), we
accounted for this potential problem by spatial filtering and
manipulating background data. These strategies are demon-
strated to greatly improve model predictions (Beck et al.,
2014; Varela et al., 2014), including specifically in our study
region and data structure (Kramer-Schadt et al., 2013). For
spatial filtering, we used only one presence locality ran-
domly selected within a radius of 2 km; a value chosen to
correspond to the upper estimates of home range size for
Bornean orang-utans (Singleton et al., 2009) and leaving 298
spatially independent records on which to base our analy-
ses. Background manipulation was undertaken by creating
a ‘bias file’ of relative sampling effort (or record density) to
incorporate within the MaxEnt process. We used the proce-
dure outlined in Kramer-Schadt et al. (2013) to map sam-
pling density, summing records across the Moore
neighbourhood of each cell and assigning values of 0.1 (i.e.
10% sampling effort) to cells with no records.

We incorporated the orang-utan occurrence records, bias
grid and baseline environmental predictors into a MAXENT
model (version 3.3.3a; Phillips et al., 2006, with settings: ran-
dom test percentage = 25; regularization multiplier = 1, max-
imum number of background points = 10 000), using the
mean predicted probabilities of 10 replicates for subsequent
analyses. From this baseline model, M., we projected
orang-utan presence probabilities into 12 future scenarios
(three time slices, two GCMSs, two emission scenarios), M.

Incorporating land cover, L, into past, present and future
forecasts

Baseline habitat suitability models incorporated 2010 land-
cover data derived from 50 m resolution PALSAR imagery by
SarVision (Hoekman et al., 2009), but updated with elevation
information and resampled to match the 1 km resolution of
climate variables (Kramer-Schadt ef al., 2013). The resulting
land-cover map comprised 17 habitat-elevation classes repre-
senting intact forests (4 classes), swamps (2), fragmented/
degraded forest mosaics (4), burnt forest (1), plantations/
crops (3), water/fishponds (2) and no data (1) (Table S1). For
the past coverage, we reclassified all nonforest or mosaic
forest classes to their forested counterparts with the aid of
wetlands maps (Appendix S2).

For future time slices, we modelled deforestation to predict
forest loss over the island in any given time slice and then
reclassified deforested areas as plantation or forest mosaic
land covers. The deforestation base map was produced by fit-
ting a generalized linear model with binomial error distribu-
tion and logit link function (i.e. a logistic regression) to predict
the probability of forest absence between 2000 and 2010 in
Kalimantan using a time series of Landsat TM satellite
data (Appendix S2). Forest maps and definitions followed
Gaveau et al. (2013), and deforestation by 2010 was defined as
> 0.2 km? forest loss within a 1 km? cell. Forest loss was
determined within a sample of 451 training cells that were
randomly generated within fully forested stands in the 2000
map. We then randomly selected an equal number of cells that
experienced no deforestation (i.e. forest presence) to build a
binary model and assessed spatial autocorrelation in the
model residuals using Moran’s I.

During the 2000-2010 period used to train the model, the
mean annual deforestation rate for Borneo approximated
3234 km? yr~' (2341 km? yr~! for Kalimantan). We extended
this rate to future time periods (32 338 km? forest lost by 2020,
129 354 km? by 2050 and 226 370 km? by 2080), and for each
year of interest we identified the number of cells with the
highest deforestation probabilities that equated to these areas.
We then reclassified the predicted areas as plantation or forest
mosaic land classes according to prior land use (Appendix
S2). Extending the rate in this way assumed no reforestation
and that the pace of deforestation would remain unchanged in
the future; an intentional and plausible worst-case scenario for
land-cover change against which to compare the influence of
climate.

Delineating habitat suitability

We defined a habitat suitability index (HSI) in a given time
slice, y, using the following equation adapted from Wilting
et al. (2010), HSI, = M,..." * L, * P)/°, where M com-
prises the probability of orang-utan occurrence (MaxEnt
outputs) under a given emission scenario (A2, B2) and
GCM (CSIRO, HAD) combination es, and time slice yc
(2010, 2020, 2050, 2080); L is the land-cover class for orang-
utan under land-cover scenario yl, P is human population
density weighted by sensitivity of orang-utans to human
population pressure, and yc, es and yl refer to current
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conditions or 2020, 2050 and 2080 time slices of the respec-
tive emission scenarios. Defining the index in this way gave
a greater emphasis to suitable habitats that were also away
from human settlements, while allowing us to systemati-
cally test the influence of climate change and land-cover
change on the final habitat suitability maps (i.e. by fixing
climate to baseline conditions and changing land cover, or
vice versa).

Values for L were derived from six leading primate experts
with >100 years of combined experience studying orang-utans
across Borneo, including published research on the effects of
habitat degradation and contributions to population viability
assessments for the species (Marshall et al., 2009). Each pro-
vided habitat suitability scores (ordinal scale of 0-1, unsuit-
able-suitable, in five classes) for the land-cover classes
available (Table S1). Experts also provided values for P as esti-
mates of orang-utan sensitivity to a range of human popula-
tion densities (ordinal scale 0-1, unsuitable-suitable, five
classes) (Table S1). Human population density was extracted
from the LandScan 2007 spatial database (Oak Ridge, UT-Bat-
telle, LLC) and fixed to 2007 values since projected data for
20202080 were unavailable. High population densities were
typically alongside roads, rivers and large agricultural areas,
as well as urban settlements.

To compare the extent of suitable habitat between the
various models and scenarios, we converted HSI scores
into binary (i.e. suitable, unsuitable) predictions. We first
used a 10% omission error threshold, a commonly applied
criterion in distribution modelling studies (e.g. Pearson
et al., 2007), to generate a liberal suitability classification
that would be insensitive to outliers and incorporate a lar-
ger predicted area (i.e. 90% of possible predicted values).
In addition, as area estimates are inevitably sensitive to
threshold choice, we also provide estimates from a 25%
error threshold to give a stricter representation of primary
orang-utan habitat. Although somewhat arbitrary, using
fixed omission thresholds in this way provided upper and
lower bounds of possible habitat extent that could be con-
sistently applied across environmental projections. The
decision for these specific threshold values followed initial
consultation with the primate experts who confirmed that
the 25% threshold (i.e. the top 75% of suitable habitat) best
reflected the core distribution of the species known for the
present day (sensu Wich et al., 2012 and http://www.iucn-
redlist.org/details /17975/0), while giving some opportunity
to identify potentially suitable areas outside the range. Suit-
able area predictions are reported within the core orang-
utan range currently recognized, as well as for the whole
of Borneo.

Identifying potential future refuges for orang-utan

We defined future refuges as areas expected to support
orang-utan habitat under the ensemble of projected environ-
mental changes, while also being buffered by further land
development. To extract these areas, we first identified the
land consistently identified as suitable for orang-utans in
2010, 2050 and 2080 under all environmental scenarios (four

outcomes under ‘land cover + climate change’ models). We
then extracted 2010 intact forest areas from this coverage, as
these classes were ranked the greatest suitability by the pri-
mate experts. As a further indicator of refuge potential, we
also excluded land suitable for oil palm, assuming that most
forthcoming land-use wildlife conflicts on Borneo would
arise from expansion of this crop, as they have performed in
the recent past (Fitzherbert et al., 2008). To map crop suit-
ability, we expanded an approach established in consultation
with the oil-palm industry (Gingold et al., 2012) to delimit
productive areas over Borneo according to edaphic, eleva-
tion/slope and rainfall criteria (Appendix S3). To best serve
conservation plans, we present these results for the three
orang-utan subspecies currently recognized for the island,
by overlaying refuge maps with subspecies extent maps.
Subspecies range boundaries are largely defined by the pres-
ence of large rivers rather than variation in their ecological
requirements, as these features are known to impede dis-
persal (Wich et al., 2012).

Results

The bioclimatic model

MaxEnt analyses for 2010 conditions converged well
and yielded models with good discriminatory power
(AUC = 0.72 + 0.03) despite spatial filtering and back-
ground manipulation of source locality data (which
tend to reduce AUC values — Kramer-Schadt et al.,
2013), indicating that the models could be considered
useful for projections. The difference between calibra-
tion and evaluation AUC values was also small (0.07),
indicating a model unlikely to overfit calibration data
(Warren & Seifert, 2010). Environmental parameters
with the greatest contribution to model goodness-of-fit
were precipitation in the driest month (16%), annual
temperature range (14%), distance to wetlands (13%)
and diurnal temperature range (10%). Low suitability
for three of these parameters, as defined by MaxEnt
response curves, coincided with low suitability scores
in the overall model (Fig. S2). Importantly, the primate
experts consulted also considered the 2010 model to
provide a useful representation of possible orang-utan
habitat (using a 10% error threshold) and particularly
of the primary parts of the species range (25% error
threshold).

Habitat suitability for current and past conditions

Experts consistently ranked lowland and swamp
forests as the most suitable habitats for orang-utans,
followed by hill forests, then forest mosaics (Table S1).
Greatest suitability was attributed to areas with low
human population densities (0-3 people km™). Much
of the lowland and upland regions of Borneo
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(0-1000 m) exhibited modest to high suitability accord-
ing to the HSI, with the exception of highly degraded
areas (i.e. plantations), primarily near the coast (Fig. 1).
Substantial upland habitat outside the core range was
also deemed moderately suitable. Using a 10% error
threshold, HSI models predicted approximately
560 000 km* of Borneo to be currently suitable orang-
utan habitat, of which 260 000 km® lay within the
current core range (sensu Wich et al., 2012). This repre-
sented a reduction of approximately 18% of the habitat
available prior to major land-cover changes according
to the models hindcasting to conditions before the
1950s (Table 1).

Projected impacts of land-cover change

Our predictive model of deforestation explained 85.1%
of the 2000-2010 training data, with good model fit (R
= 0.506). Under this model, lowland forests (<500 a.s.l)
on mineral soils and allocated for conversion were most
likely to be deforested. By contrast, lower deforestation
probabilities were evident for peatlands, in protected
areas, logging concessions and in other forests far from
roads and cities (Table S2).

As a result deforestation early in the projection per-
iod mostly occurred on land designated for conversion
in the northwest and south of the island, primarily in

Table 1 Projected change in the extent of suitable orang-utan habitat over Borneo between the 1950s and 2080s under different
environmental change scenarios and model predictions. The magnitude of habitat loss is calculated between the 1950s and 2010 for
current conditions, and between 2010 and the 2080s for the future. Projections are presented for two suitability thresholds, inside
and outside of the core range (i.e. the current range extent) sensu Wich et al. (2012).

10% threshold

25% threshold

Area Suitable habitat Area Suitable habitat
(thousands of km?) loss (%) (thousands of km?) loss (%)
Inside core orang-utan range
Before major land-cover change 316 290
(1950s)
Current (2010) 260 18 220 24
Time slices 2020 2050 2080 2020 2050 2080
Land cover only 251 237 219 15 209 177 155 30
Climate only
CSIRO-MK3, A2 233 205 79 69 106 46 4 98
HADCMS3, A2 205 130 82 68 102 33 10 95
CSIRO-MK3, B2 225 178 133 49 115 34 15 93
HADCMS3, B2 222 151 111 57 107 47 20 91
Land cover + climate
CSIRO-MK3, A2 221 165 49 81 103 44 4 98
HADCMS3, A2 196 110 58 78 99 31 8 96
CSIRO-MKk3, B2 214 144 83 68 112 33 14 94
HADCMS3, B2 212 128 80 69 103 44 16 93
Outside core orang-utan range
Before major land-cover change 341 168
(1950s)
Current (2010) 300 12 135 20
Time slices 2020 2050 2080 2020 2050 2080
Land cover only 290 268 254 15 128 111 99 26
Climate only
CSIRO-MKk3, A2 248 212 50 83 57 41 2 99
HADCMS3, A2 234 112 36 88 46 15 4 97
CSIRO-MK3, B2 244 137 83 73 66 13 7 95
HADCMS3, B2 237 118 60 80 52 14 7 95
Land cover + climate
CSIRO-MK3, A2 240 191 42 86 55 39 2 99
HADCMS3, A2 227 105 31 90 45 14 4 97
CSIRO-MK3, B2 236 123 71 76 65 13 7 95
HADCMS3, B2 231 109 52 83 50 14 6 95

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12814
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HABITAT
SUITABILITY
[ Joo-o02
[ lo2-04
[Jos-0s
Bl os-08
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Land-cover only
2020

Land-cover + Climate
(CSIRO-mk3, A2)

Land-cover + Climate
(HADCM3, A2)

2020

Former (1950s) 4%

Present (2010)

Fig. 1 Predicted suitable orang-utan habitat following projected changes to land cover and climate. Suitability modelling derived from
a habitat suitability index based on several land cover and climate conditions. Climate data from two global circulation models and
two emission scenarios (results from A2 and B2 emission scenarios were similar, so for clarity, only results from A2 are shown).

Sarawak and Central Kalimantan (Fig. 2), following
trends in recent years. By the 2050s, predictions
extended to all states, revealing deforestation in less
accessible conversion forest as well as land designated
for timber production. This trend continued to the
2080s, but also lowland forest reserves were targeted.
Under these projected land-cover changes, HSI calcula-
tions revealed a gradual reduction in suitable habitat
after 2010 with a decline of 15% of core orang-utan
habitat by the 2080s (Table 1).

Habitat decline under a changing climate

The extent of suitable orang-utan habitat in future cli-
mate conditions varied among the GCMs and emission

scenarios used, although there was consensus across all
models over most of the area (Fig. 1; Table 1). Models
incorporating changes to climate only during the
projection time frame all pointed to a large decline in
suitable habitat; approximately 63% loss between 2010
and 2080 (median across models, Table 1). Under these
conditions, the north-east and western parts of Borneo
were consistently identified as suitable habitats
throughout the 21st century, but the extent of habitat
decline in south-central regions varied across models
(Fig. 1.

The main sources of variation were attributed to
choice of presence threshold, then GCM, and to a much
lower extent, the emission scenario used in analyses
(Fig. S1; Appendix S1). Although there was majority

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12814
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Il Forest remaining 2080
I Additonal forest 2050
Additional forest 2020

[ e e e s e |
0 75 150 300 km

Fig. 2 Trajectory of forest loss for Borneo as predicted by a spa-
tial deforestation model based on 2000-2010 trends.

consensus among GCMs overall, models using HAD-
CM3 yielded lower suitability values in the south-east
compared to those using CSIRO-MKk3 data. This coin-
cided with the area of least agreement between the two
climate projections (Appendix S1, Fig. S1). This varia-
tion could be attributed to differences in suitability
defined by MaxEnt response curves, primarily for three
climate predictors that contributed the most to the
bioclimatic model (Fig. S2). Conversely, no clear pattern
emerged with choice of emission scenario, and climate
projections were similar between the two options
(Appendix S1).

Combined effects of land cover and climate change

Models that combined the influence of changing land
cover and climate yielded similar predictions to those
based on climate change only, although the extent of
suitable habitat loss was exacerbated by the two pro-
cesses incorporated into models together (Fig. 1).
Under this combined environmental change scenario,
models predicted an average of 74% habitat loss
between 2010 and 2080 (Table 1).

Future orang-utan refuges

By intersecting forest areas deemed suitable for orang-
utan but unsuitable for oil palm during the projection

period, a median of approximately 92 000 km? of Bor-
neo (or 16% of 2010 habitat) was identified as potential
refuge habitat by the various model forecasts using the
10% error threshold (Table 2). Most of this land was in
lowland (57%, <500 m.a.s.l), or hill forest (33%, 501—
1000 m.a.s.l) areas. Large consensus was reached
among the various model forecasts for refuge habitats,
with 2000-42 000 km? of land consistently identified
using the two presence thresholds (Fig. 3).

For P. p. pygmaeus — the north-western subspecies —
an average of 21 000 km® of refuge habitat would likely
remain by 2080 using 10% error threshold estimates,
with approximately 16 000 km? consistently identified
by half the models (Table 2). Much of this area was in
protected forests, the bulk within four conservation
estates in West Kalimantan and Sarawak (Appendix
54). For P. p. morio — the north-eastern subspecies —
around 35 000 km? of land was identified as potential
refuge in eastern Kalimantan and Sabah, of which
27 000 km” was identified by half the models. The larg-
est extent of refuge habitat was identified for
P. p. wurmbii — the southern subspecies — both inside
and outside the core range extent. For this subspecies,
23 00046 000 km? of land was identified as refuge,
with 29 000 km? being consistently identified by half
the models (Table 2). However, the vast majority of this
habitat remained in the western part of the range, and
southern populations were poorly represented in pro-
tected refuges. (Appendix S4; Fig. 3). Despite optimistic
projections under the 10% error threshold, use of the
stricter 25% error threshold revealed a much lower
extent of suitable refuge habitat overall, with only a
subset of 14 000 km? (2% of 2010 habitat) identified, at
elevational distribution comparable to the previous
assessment (68%), < 500 m.a.s.l; 31%, 501-1000 m.a.s.]).

Discussion

The potential for synergistic effects of land cover and
climate change on biodiversity is well recognized
(Brook et al., 2008), but so far relatively few distribution
modelling studies have included both these threats in
future forecasts (Barbet-Massin ef al., 2012; Schweiger
et al., 2012; Martin et al., 2013). Our assessment of the
endangered Bornean orang-utan predicted a trajectory
of habitat loss following anticipated future changes to
land cover and climate. Our models suggest that
220 000-260 000 km?* of land within the core range on
Borneo was potentially suitable for orang-utan in 2010.
This is greater than previous estimates (e.g. Wich et al.,
2012) as our predictions also include mid-elevation and
degraded mosaic habitats that are known to support
orang-utans in some areas, but at low densities (Husson
et al., 2009). While clearly suboptimal for orang-utans

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12814
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Table 2 Potential extent of refuges from future land cover and climate change for the three subspecies of orang-utan on Borneo.
Refuge areas are forested, unsuitable for oil palm and consistently classified as suitable habitat between 2010 and 2080 under the
combined ‘land cover + climate change” models. Values are presented both within and outside the core known range (sensu Wich
et al., 2012) for the 10% and 25% omission error thresholds. Consensus among predictions is derived from overlays of the four

model outcomes

Core areas, within known range extent

Outside known range extent (thousands

(thousands of km?) of km?)
pygmaeus wurmbii morio pygmaeus wurmbii morio
(a) Using 10% error threshold
Climate projections
CSIRO-MKk3, A2 7.1 12.1 19.7 8.0 11.0 16.6
HADCMS3, A2 10.1 227 9.8 6.6 9.0 8.7
CSIRO-MKk3, B2 12.7 26.5 25.9 15.4 19.2 25.3
HADCMS, B2 13.5 26.7 19.7 10.8 14.4 14.0
Median across projections: 11.4 24.6 19.7 9.4 12.7 15.3
Consensus among models
4 models 6.5 9.3 9.3 4.2 5.7 6.9
3 models 3.0 9.1 6.6 2.7 53 4.5
2 models 3.3 8.4 5.7 4.0 4.1 6.9
(b) Using 25% error threshold
Climate projections
CSIRO-MK3, A2 0.9 0.6 19 0.2 0.8 0.6
HADCMS3, A2 2.6 3.6 13 0.3 2.1 1.1
CSIRO-MK3, B2 4.0 44 4.6 0.6 3.7 1.4
HADCMS, B2 4.6 6.5 3.1 0.4 4.0 0.8
Median across projections: 3.3 4.0 2.5 0.3 29 0.5
Consensus among models
4 models 0.8 0.4 0.4 0.1 0.5 0.1
3 models 12 2.2 14 0.1 13 0.3
2 models 2.0 2.3 1.4 0.3 1.7 0.8

(Meijaard et al., 2011) this additional area might become
increasingly important following environmental fore-
casts this century.

Projected effects of land cover and climate change

Under land-cover change projections (i.e. treating
climate variables as static), we estimate that around 15—
30% of core orang-utan habitat will be lost by 2080, a
rate comparable to that already experienced since the
1950s: approximately 2—4% per decade (Table 1). Con-
versely, under climate change projections, rates of habi-
tat loss are expected to be much greater — more than
triple those under land-cover change projections alone.
Models that incorporate the effects of both land cover
and climate change point to an average of 74% habitat
loss by 2080 (11% per decade) using 10% error thresh-
olds, suggesting that the effects of a changing climate
might greatly exacerbate the ongoing impacts of land-
cover change on Borneo. Much of this is expected to be
primary habitat in the lowlands, as indicated by stricter
25% error thresholds.

It is somewhat surprising, given the high rates of
deforestation reported for Borneo (Langner et al., 2007)
and the worst-case scenario depicted in our land-use
trajectory, that the contribution of land-cover change to
the trajectory of orang-utan habitat loss was relatively
small compared to that from climate. This is also
contrary to the findings of Gregory ef al. (2012) who
demonstrated that land-cover change would have a far
greater impact on orang-utan population sizes in Sabah.
This discrepancy can in part be explained by moderate
suitability weights assigned to mosaic habitats in our
assessment, meaning that some degraded areas would
be given similar weighting to pristine forests regardless
of population size. The broader extent of our study also
has implications, as at the scale of Borneo, both defores-
tation and climate processes disproportionately affect
the same areas (i.e. lowlands of Central Kalimantan
and Sarawak, Fig. 2; Appendix S1).

Including land-cover data specifically within biocli-
matic models can significantly increase explanatory
power (Tingley & Herman, 2009), although we note
that this was not possible within our study system due

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., doi: 10.1111/gcb.12814
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(a) 10%-error threshold

12 - Number of refuge overlaps A dy

Current known orang-utan extent
I Protected areas

P. p. wurmbii

= P. p. morio

0 75 150 300 km

(b) 25%-error threshold

= P. p. morio
.

P. p. pygmaeus .. :

P. p. wurmbii

Fig. 3 Potential refuges for Bornean orang-utan under predictions of both land cover and climate change. Refuge areas are forested,
unsuitable for oil palm, while being suitable for orang-utans between 2010 and 2080 according to 10% error (a) and 25% error (b) thresh-
olds. Consensus among models based on four climate data is indicated by overlays (red indicating 100% agreement). Subspecies
boundaries are indicated by dashed lines, and protected areas are indicated by dark shading — numbers refer to key reserves identified

for both error thresholds as listed in Table S4.

to the rapid pace of land-use change during the data
collection time frame. Our deforestation predictions
echoed recent trends at the beginning of the projection
time frame (2020s, 2050s), and it is highly probable that
without policy changes deforestation rates would con-
tinue mid-century given the large pool of unprotected
lowland forest remaining (Gaveau et al., 2014). How-
ever, for longer term projections (2080s), our model
could be improved by allowing for forest regeneration
and a slowing of the deforestation rate. Regeneration
can and does occur in tropical South-East Asia if land is
not converted to agriculture. There are renewed efforts
to map these areas (D. G. Gaveau pers. obs.), although
we also note that many of these sites were likely reclas-
sified as forest mosaics with medium habitat suitability
under our assessment. We also note that for the pur-
poses of this appraisal, using a worst-case land-cover
change was valuable for comparing against the effects
of climate change.

The importance of climate has also been emphasized
in recent studies that incorporated both habitat and cli-
mate variables directly into distribution models. In a
study of European butterflies, for example, climate
explained the most important part of current distribu-
tions, and land-use <change scenarios poorly

represented current and future habitat suitability, even
at fine spatial scale (Martin ef al., 2013). Likewise, habi-
tat models for European birds predicted smaller range
shifts than climate models, although this was attributed
to improved model accuracy under the climate-only
scenario (Barbet-Massin et al., 2012).

Variation in model predictions

Despite substantial consensus among the suitability
models across much of the currently recognized orang-
utan range, our approach uncovered some variation in
model projections. After variation ascribed to the differ-
ent presence thresholds, the main differences in the
predicted habitat extent were attributed to choice of
GCM, with projections based on HADCM3 data pre-
dicting a lower extent of suitable habitat in the southern
lowlands (Central Kalimantan). This large area (Saban-
gau-Katingan peat swamp forests) is known to support
high orang-utan densities (Husson et al., 2009) and is
thus regarded as a stronghold for P. p. wurmbii. Further
investigations of model outcomes from additional
GCM projections, including regionally downscaled
data as they become available following the latest IPCC
assessment period, are therefore warranted. However,
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we note that there was majority consensus among the
thresholds used in our analyses and that any such vari-
ation is likely to be strongest when differences between
current and future climate conditions are high, some-
thing that does not characterize equatorial regions as
much as higher latitudes. We also acknowledge that
additional variation would arise from using alternative
species distribution models, although we note that for
our study region and biased data set the virtues of
MaxEnt are well established (Elith et al., 2010), and that
the primate experts we engaged agreed the baseline
model gave a realistic portrayal of present-day habitat
suitability. Moreover, we reiterate that variation among
model outcomes is to be expected in forecasting studies
(Buisson et al., 2010; Araudjo & Peterson, 2012) and that
our ensemble approach provides a range of possible
outcomes against which more detailed analyses perti-
nent to smaller spatial scales can be compared. Such
analyses would benefit from incorporating other data
important for orang-utan survival, such as population
sizes and hunting pressures, which are available for
some (though notably not all) areas (Meijaard et al.,
2011; Gregory et al., 2012).

Potential future refuges for Borneo orang-utan

We defined orang-utan refuges as intact forests that
were consistently suitable under current and future
environmental change scenarios. Ideally such refuges
would be spared from development (Reside et al.,
2014), and so, we also extracted only areas deemed
unsuitable for oil-palm cultivation, a leading threat to
Borneo’s biodiversity. Although we used an established
procedure to identify suitable land for oil palm, the
edaphic, geographical and climatic criteria used do not
solely dictate where the crop can and cannot be grown,
and at least some recent oil-palm expansion has
occurred in substandard regions (Koh et al., 2011). In
addition, crop suitability assessments are based on
present-day growth characteristics of commercially
available cultivars and do not account for potential
genetic improvements that could increase drought or
flood resistance (Cochard et al., 2005). However, while
improved cultivars will likely be developed in due
course, suitability assessments are still useful to predict
where land-use conflicts are likely to be, particularly
for small-holder farmers for which uptake of new culti-
vars might be slow, or for regions where people reject
large-scale agricultural expansion (Abram et al., 2014).
Combined, our projections reveal potential refuge
habitat that is fragmented among protected areas
within the extent of each orang-utan subspecies. The
amount of refuge habitat potentially available is worry-
ingly unrepresentative for eastern populations of the

subspecies with the largest current range (P. p. wurmbii,
and to some extent P. p. morio), for which substantial
areas of Borneo’s lowlands could become less suitable
over time due to the combined influence of deforesta-
tion and changing climate. Nonetheless, the same
appraisal also highlights forests outside of the core
range that might serve as potentially suitable habitat in
the future and which are well represented within
reserves and logging concessions (Fig. 3; Appendix 54).

Viability of refuges and implications for orang-utan
conservation

Although we are able to identify potentially suitable
refuge habitat, it is highly unlikely that the dispersal
capabilities and population dynamics of the orang-utan
would enable individuals to move to these areas within
the pace of environmental change predicted. Impor-
tantly for meta-population functioning, female orang-
utans are philopatric and males disperse (Nietlisbach
et al., 2012). As a result, breeding populations (consist-
ing mainly of dominant males, females and their
young) tend to occur in the most ecologically suitable
areas with the lowest levels of threat. Non-dominant
males disperse from these areas, sometimes over long
distances, as indicated by single orang-utans recorded
hundreds of kilometres from the nearest breeding pop-
ulation (Rijksen & Meijaard, 1999). However, the strict
limitations to female dispersal make colonization of
marginally suitable habitats or recolonization of poorly
populated areas (e.g. where orang-utans were hunted
out in the past), a slow process (Meijaard et al., 2010b).
In addition, deteriorating ecological conditions could
lead to increased mortality rates biased to females,
because these individuals are unlikely to disperse far in
search of more suitable habitat (Ancrenaz et al., 2014).
Sex-biased dispersal rates in orang-utans could thus
negatively influence reproductive rates in both residen-
tial populations with decreasing ecological conditions
and in new areas that are becoming ecologically
suitable.

To maximize the likelihood that both male and
female orang-utans could disperse from ecologically
poor to highly suitability areas, maintaining connectiv-
ity between existing stronghold orang-utan populations
and the refuge areas we identify is crucial (Gregory
et al., 2014). These conservation corridors would ideally
also be suitable for other threatened species, as recent
evaluations in northern Borneo are beginning to dem-
onstrate (Brodie et al., 2014). Nevertheless, present spa-
tial and development planning in the different regions
of Borneo does not yet include ecological principles
such as forest connectivity, and so a major change of
planning systems and processes would be required.
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The flow of orangutans to recipient sites could also be
boosted through future introductions pending further
investigation on their suitability and cost-effectiveness.
The effectiveness of such introductions, or assisted colo-
nizations in the context of environmental change, has
caused considerable debate in conservation, with argu-
ments for and against the strategy purported in almost
equal measure (Seddon, 2010). Our study suggests that
within an emerging decision framework concerning the
need for assisted colonization (Chauvenet et al., 2013;
Schwartz & Martin, 2013), the case for the Bornean
orang-utan would be clear; namely that the risk of
decline or extensive local extinction under environmen-
tal change is high. Habitat modelling, such as that used
in our assessment, could therefore inform the selection
of introduction sites. However, given the relatively
coarse resolution of climate data and the Borneo-wide
scale of analysis, the refuge habitats we identify are
likely to miss fine-scale characteristics of microrefugia
that might be central to long-term survival (Ashcroft,
2010). Translocation decisions also require a better
understanding of other factors (e.g. hunting) that are
pertinent to orang-utan survival at local scales. Further
needs assessment is therefore warranted at the subspe-
cies and management unit levels, which should incor-
porate information on habitat quality (e.g. food
availability as an important determinant of orang-utan
density), population dynamics (Gregory et al., 2012)
and risk (Husson et al., 2009; Ewen et al., 2012; Kelle
et al.,2013), and how these factors could vary under glo-
bal change. Land-cover changes notwithstanding, for-
ests on Borneo are expected to remain largely in their
current state, as climate conditions associated with their
distribution are not expected to vary substantially
between present and future projections (Zelazowski
et al., 2011). Although potential changes to forest phe-
nology, and hence orang-utan food availability, remain
poorly understood (Malhi et al., 2014), time budget
models indicate that time available for foraging and
resting behaviours could nevertheless be a significant
constraint on the orang-utan’s ability to adapt to climate
change (Carne et al., 2006).

While translocation, reintroduction and supplemen-
tation are common management tools in orang-utan
conservation, they have been implemented with
mixed success (Russon, 2009). Still, these strategies
generally have high public and governmental sup-
port, and there are already examples of orang-utan
releases into regions of Central and East Kalimantan
where no wild populations previously existed (BOSF,
2013). The feasibility of such introductions elsewhere
on Borneo should therefore be assessed alongside
other climate change adaptations such as corridor
development, but continue to be seen as a last resort.

In either case, the identification of refuge areas will
become increasingly important for the conservation of
orang-utan and other threatened species, especially in
the context of extensive land cover and climate
changes that are predicted for this century.
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